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RECTANGULAR NOZZLE PLUME VELOCITY MODELING FOR USE I N  JET NOISE PREDICTION 
U.H. von Glahn 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
C leve land ,  Oh io  44135 
A b s t r a c t  
A mode l i ng  techn ique  for  p r e d i c t i n g  t h e  a x i a l  
and t r a n s v e r s e  v e l o c i t y  c h a r a c t e r i s t i c s  o f  rec tangu-  
l a r  nozz le  plumes i s  developed. I n  t h i s  techn ique,  
mode l i ng  o f  t h e  plume c ross  s e c t i o n  i s  i n i t i a t e d  
a t  t he  n o z z l e  e x i t  p lane .  The techn ique i s  demon- 
s t r a t e d  for  t h e  j e t  plume i s s u i n g  f r0m.a  r e c t a n g u l a r  
n o z z l e  hav ing  an aspec t  r a t i o  o f  6.0 and d i scha rg -  
i n g  i n t o  q u i e s c e n t  a i r .  The j e t  i s  assumed to be 
subson ic  and o p e r a t i n g  w i t h  c o l d  f low. A p p l i c a t i o n  
of  the  p resen t  p rocedures  t o  a nozz le  d i s c h a r g i n g  
i n t o  a moving a i r s t r e a m  ( f l i g h t  e f f e c t )  a r e  then 
demonstrated. F i n a l l y ,  t he  e f f e c t s  o f  plume shear 
l a y e r  s t r u c t u r e  m o d i f i c a t i o n  on t h e  v e l o c i t y  flow- 
f i e l d  a r e  d i scussed  and mode l ing  procedures a r e  
i l l u s t r a t e d  by example. Whi le  some aspec ts  of t h e  
p r e s e n t  mode l ing  procedure  may r e q u i r e  some f u r t h e r  
exper imen ta l  v e r i f i c a t i o n ,  t he  t rends  and genera l  
magnitudes o f  t h e  seve ra l  e f f e c t s  i n c l u d e d  i n  t h e  
s tudy  a r e  cons ide red  a p p r o p r i a t e  and r e a l i s t i c .  
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I n t r o d u c t i o n  
Fu tu re  h i g h  speed commercial t r a n s p o r t  (HSCT) 
a i r c r a f t  a r e  l i k e l y  t o  use asymmetr ic exhaust  noz- 
z l e s  i n  o r d e r  t o  p r o v i d e  enhanced j e t  n o i s e  reduc- 
t i on  c a p a b i l i t y  and t h e r e b y  meet s t r i n g e n t  FAA n o i s e  
r e g u l a t i o n s ,  p r e s e n t  and f u t u r e .  Compared t o  c i r c u -  
l a r  n o z z l e s ,  asymmetr ic nozz les  p r o v i d e  more r a p i d  
plume v e l o c i t y  decay r e s u l t i n g  i n  lower  sound energy  
o u t p u t ,  az imu tha l  c h a r a c t e r i s t i c s  f a v o r a b l e  fo r  t h e  
s i d e l i n e  and movement o f  the  peak suppress ion  p o i n t  
t o  a h i g h e r  f requency  than ax i symmet r i c  n o z z l e s .  By 
t a k i n g  i n t o  account  t h e  t r a n s i t i o n  d u c t  d e s i g n  from 
t h e  ax i symmet r i c  geometry a t  t h e  eng ine  t u r b i n e  e x i t  
1 
plane to the asymmetric nozzle exhaust plane, as 
well as size, shape and weight constraints, rectan- 
gular nozzles will most likely have nozzle aspect 
ratios in the range from 2 to 8. In addition, such 
nozzles may incorporate treated ejectors in order to 
further reduce the exhaust plume and turbomachinery 
noise levels. 
In the present study, a global approach is used 
to develop a modeling procedure for the prediction 
of rectangular nozzle plume velocity fields o f  
interest in the prediction of high speed jet noise. 
The present plume modeling technique is initiated 
at the nozzle exit rather than at an arbitrary down- 
stream axial distance as is presently available in 
the literature. The initial development herein con- 
siders the plume exhausting into quiescent air. An 
example of the application of the present procedures 
to the prediction of the plume velocity field for a 
rectangular nozzle with an aspect ratio of 6.0 is 
then made. The effect of flight speed and plume 
shear layer structure modification are then examined 
and new additional modeling parameters and equations 
are developed and discussed. 
Background 
The primary factors that influence the plume 
centerline velocity decay are shown schematically 
in Fig. 1 .  The decay curves are shown in terms of 
UcL/Uj 
nozzle exit plane, X/De. The dashed curves in the 
figure represent the typical trends or variations 
away from a basic reference curve indicated in the 
figure by the solid curves. 
In Fig. Ita), the effects of an increase in jet 
static temperature or in jet plume structure modifi- 
cation are shown to cause more rapid plume center- 
line velocity decay as evidenced by the shift in the 
decay curve to the left (lower XIDe values) of the 
reference curve. In Fig. l(b), the effects of an 
increase in jet Mach number or flight speed are 
shown to cause a reduced plume centerline velocity 
decay, as shown by the shift of the curve to the 
right of the reference curve (higher X/De values). 
While the plume centerline velocity decay trends 
illustrated in Fig. 1 apply generally to all nozzle 
shapes, the absolute magnitudes of the curve shifts 
shown will differ for the several factors, depend- 
ing on the nozzle cross-sectional shape and flow 
conditions. 
as a function of axial distance from the 
General Modeling Considerations 
In the present modeling technique, the plume 
velocity flowfield is initiated at the nozzle exit 
plane. A superellipse concept is used to represent 
the plume downstream cross sections until a circular 
cross section is achieved. Thereafter, the plume 
cross section becomes somewhat elliptical; however, 
the major and minor axes planes are switched 
(Refs. 1 and 2 ) .  This axes switching can occur sev- 
eral times, especially for nozzles with very high 
aspect ratios. For rectangular nozzles with an 
aspect ratio of the order of 8.0 or less, however, 
the axes of the elliptical shape downstream of the 
initial circular cross section generally do not dif- 
fer markedly. Consequently, the plume cross sec- 
tions herein are considered to be circular at a l l  
axial distances downstream of the initial circular 
cross section location, Xcir. For jet noise consid- 
erations, this assumption can be justified since at 
2 
large distances from the nozzle, the plume veloci- 
ties are relatively low and, consequently, do not 
contribute significantly to the jet noise signature 
for most practical considerations. 
Dimensional Definitions 
Pertinent nozzle and plume dimensions used in 
the present modeling procedures are identified in 
Fig. 2 .  A generic symbol, Z. is used to represent 
the dimension of interest for a gfven calculation. 
Thus, for a circular nozzle/plume, Z represents the 
transverse dimension or direction denoted by the 
radius. R .  of the nozzle or plume. Similarly, for 
a rectangular nozzle/plume, 4 represents the trans- 
verse height, h, or width, w. respectively of the 
nozzle/plume dimension or direction. Consequently, 
for general correlations and data plots, the generic 
symbol 2 is used herein. However, where specific 
data or plots for a plume are shown in a figure or 
in equations, the appropriate symbol R ,  h ,  or w 
is used. 
Modeling Synthesis 
The modeling of the plume velocity field for 
rectangular nozzles consists of five primary steps 
as follows: 
(1) Calculation of the plume centerline 
velocity decay as a function o f  the axial 
distance from the nozzle exit plane 
(2) Calculation of the plume core height and 
width decay as a function of the axial dis- 
tance from the nozzle exit plane 
( 3 )  Determination of the transverse (radial) 
half-velocity contour lines of the plume 
height and width 
velocity contours necessary for establishing 
the required velocity field. 
(5) Application of a superellipse analytical 
solution developed herein in order to obtain 
the necessary detailed cross-sectional plume 
velocity flowfield for noise prediction. 
( 4 )  Determination of the plume transverse 
Part I - Static Conditions 
In this section the procedures used to obtain 
the transverse velocity profiles for rectangular 
nozzle plumes in static conditions (zero flight 
speed) will be presented. Included in these proce- 
dures will be the determination of the plume center- 
line decay, plume core characteristics, SO-percent 
velocity contour and the plume velocity at radial 
(transverse) locations. Finally, examples of plume 
velocity cross sections (profiles) based on the 
present correlations and procedures will be pre- 
sented for several axial locations in the plume. 
Plume Centerline Decay 
A schematic depiction of the plume centerline 
velocity decay with axial distance is shown in 
Fig. 3 for a circular and a rectangular nozzle. 
The plume centerline velocity decay for a circular 
nozzle is given by the following equation taken 
from Ref. 3: 
and 
25 D e f i d T  
F1  e) 0.25 
However, for  a r e c t a n g u l a r  nozz le  plume c e n t e r l i n e  
v e l o c i t y  decay, w i t h  a x i a l  d i s t a n c e  c o n s i s t s  o f  
t h r e e  b a s i c  r e g i o n s  (Ref .  3) as follows: 
p reced ing  e q u a t i o n s .  A l s o  shown for  comparison i n  
the  f i g u r e  i s  a cu rve  for  t h e  plume c e n t e r l i n e  
( 4 )  v e l o c i t y  decay o f  a c i r c u l a r  n o z z l e .  I t  i s  apparen t  
t h a t  good agreement between t h e  c a l c u l a t e d  cu rves  
and t h e  d a t a  e x i s t  for  t h e  r e c t a n g u l a r  n o z z l e  plume. 
t r a n  DP 
( 1 )  I n i t i a l  m i x i n g  r e g i o n  
( 2 )  T r a n s i t i o n  (aka  two-d imens iona l )  r e g i o n  
( 3 )  Fu l l y -m ixed  (aka  ax isymmet r ic )  r e g i o n  
where 
The d e p a r t u r e  o f  t h e  t r a n s i t i o n  r e g i o n  cu rve  
f r o m  t h e  i n i t i a l  m i x i n g  r e g i o n  cu rve  i s  a f u n c t i o n  
o f  t h e  plume v e l o c i t y  and tempera ture  (Ref .  3). 
Wi th  an i nc rease  i n  these v a r i a b l e s ,  t h e  depar tu re  
p o i n t  s h i f t s  t o  a g r e a t e r  downstream a x i a l  d i s t a n c e ;  
however, the  s lope  of t h e  t r a n s i t i o n  r e g i o n  decay 
cu rve  remains t h e  same. Consequent ly,  t h e  i n i t i a -  
t i o n  o f  the  f u l l y - m i x e d  r e g i o n  i s  a l s o  s h i f t e d  t o  a 
g r e a t e r  a x i a l  d i s t a n c e  w i t h  an i nc rease  i n  these 
v a r i a b l e s  (Ref .  3 ) .  F i n a l l y ,  r e c t a n g u l a r  nozz le  
c e n t e r l i n e  v e l o c i t y  decay curves  a r e  a f u n c t i o n  of 
n o z z l e  aspec t  r a t i o ,  as d iscussed i n  Ref.  3 and many 
o t h e r  re fe rences  i n  t h e  l i t e r a t u r e .  
For  r e c t a n g u l a r  nozz les  t h e  plume c e n t e r l i n e  
v e l o c i t y  decay w i t h  a x i a l  d i s t a n c e  can be c a l c u l a t e d  
u s i n g  t h e  procedures  g i v e n  i n  Refs.  3 and 4 and sum- 
mar ized as f o l l o w s :  
DP 
i s  t h e  magnitude a t  Xop. 
the  f u l l y - m i x e d  r e g i o n  c e n t e r l i n e  v e l o c i t y  decay i s  
o b t a i n e d  w i th  t h e  f o l l o w i n g  equa t ion :  
( 3 )  From t h e  d a t a  c o r r e l a t i o n  g i v e n  I n  Re f .  3 
-0.125 
(6) 
I n  Re f .  3 t h e  c o r r e l a t i o n  parameter ,  F2, i s  
expressed as: 
( 7 )  
( 1 )  I n  t h e  i n i t i a l  m i x i n g  r e g i o n ,  t h e  plume 
c e n t e r l i n e  v e l o c i t y  decay i s  g i v e n  i n  Ref .  3 as:  
F 2 = 1 +  
-0.125 
( 2 )  
The d e p a r t u r e  p o i n t  o f  t h e  f u l l y - m i x e d  r e g i o n  
decay from t h e  t r a n s i t i o n  r e g i o n  i s  o b t a i n e d  by a 
where F 1  i s  t h e  c ross  s e c t i o n  shape f a c t o r  g i v e n  SimUltaneOUS SOlUtion O f  t h e  t r a n s i t i o n  and f u l l y -  
by  : mixed c e n t e r l i n e  v e l o c i t y  decay equa t ions .  Loca l  
va lues  of UcL/Uj i n  the  f u l l y - m i x e d  v e l o c i t y  decay 
r e g i o n  downstream o f  t h e  d e p a r t u r e  p o i n t  can then  
be o b t a i n e d  w i t h  Eq. (6) o r  by t h e  f o l l o w i n g  s imp le  2.5 
F = 1 + (3) (AR - 1 )  (3) e q u a t i o n  : 
The magnitude o f  Zi/D f o r  square and r e c t a n g u l a r  ( 8 )  
nozz les  i s  0.8863, whi?e for  a c i r c u l a r  o r  e l l i p t i c  
n o z z l e  t h i s  t e r m  i s  1.0. Thus, for  an aspec t  r a t i o  
o f  1.0 ( c i r c u l a r  o r  square nozz le )  F1 i s  1.0.  
equa t ions  a r e  used t o  o b t a i n  t h e  plume c e n t e r l i n e  
DP ,m 
The plume c e n t e r l i n e  v e l o c i t y  decay c u r v e  f o r  
a r e c t a n g u l a r  n o z z l e  w i t h  an aspec t  r a t i o ,  AR, o f  6 
and an e q u i v a l e n t  n o z z l e  d iamete r ,  0, o f  7.62 cm i s  
shown in Fig. 4 .  The data. taken from Ref .  5, are 
(') In the transition region* the following 
v e l o c i t y  decay: 
'DP = 
3 
Plume Core 
General  
t h e  plume core  where the  plume v e l o c i t y  i s  t h e  h igh -  
e s t  and i s  u n i f o r m  th roughou t  the  co re  volume. I n  
c o n t r a s t  t o  a c i r c u l a r  nozz le  plume t h a t  has one 
co re ,  a two-dimensional  nozz le  e f f e c t i v e l y  has two 
core  r e g i o n s  as shown i n  F i g .  5 .  One co re  r e g i o n  i s  
assoc ia ted  w i t h  t h e  h e i g h t  dimension o f  t h e  nozz le  
w h i l e  the  o t h e r  i s  a s s o c i a t e d  w i t h  t h e  w i d t h  dimen- 
s i o n  o f  t h e  nozz le .  Here in ,  i t  i s  assumed t h a t  t h e  
shape o r  o u t e r  boundary o f  r e c t a n g u l a r  nozz le  plume 
cores  i n  d imens ion less  terms i s  t he  same as t h a t  o f  
a c i r c u l a r  nozz le  plume co re .  Consequent ly ,  f o r  a 
g i v e n  j e t  f l ow  c o n d i t i o n ,  Rco /Ro ,  hco/h, o r  wco /wo  
as a f u n c t i o n  o f  X / X c  i n  the  core  r e g i o n  a r e  iden-  
t i f i e d  by common cu rves .  I n  the  f o l l o w i n g  s e c t i o n s ,  
t he  symbol Z i s  used t o  r e p r e s e n t  R, h and w 
whenever t h e  equa t ions  a r e  common. 
The c e n t e r l i n e  v e l o c i t y  core  l e n g t h s  for  b o t h  
c i r c u l a r  n o z z l e  plumes and the  he igh t -d imens ion  
plume o f  r e c t a n g u l a r  nozz les  a r e  assumed to  t e r m i -  
n a t e  a t  a Uc-lUj r a t i o  o f  0.99. However, i n  t h e  
w i d t h  d imens ion  o f  r e c t a n g u l a r  n o z z l e  plumes t h e  
co re  l e n g t h ,  based on exper iments ,  t r a d i t i o n a l l y  has 
been assumed t o  ex tend t o  t h e  end o f  t h e  c e n t e r l i n e  
v e l o c i t y  t r a n s i t i o n  r e g i o n .  
The h i g n e s t  l e v e l  of  j e t  no i se  emanates f rom 
The shape o f  t h e  core  con tou r  w i t h  a x i a l  d i s -  
tance i s  f r e q u e n t l y  assumed to  be a cone for c i r c u -  
l a r  nozz le  plumes. However, i n  r e a l i t y ,  t he  cone 
con tou r  i s  curved.  The l o c a l  t r a n s v e r s e  o r  r a d i a l  
d imens ion  o f  t h e  co re  boundary appears t o  be a func -  
t i o n  o f  b o t h  j e t  Mach number and tempera ture  
(Re f .  4 )  as shown by t h e  d a t a  i n  F i g .  6 .  
Core C e n t e r l i n e  Lenqth  
As s t a t e d  i n  t h e  p rev ious  s e c t i o n ,  t h e  plume 
co res  fo r  c i r c u l a r  nozz les  and t h e  h e i g h t  (na r row)  
d imens ion  o f  r e c t a n g u l a r  nozz les  a r e  assumed t o  t e r -  
m ina te  a t  UcL/U j  = 0.99. From Eq. ( 2 ) .  t h i s  l eads  
t o  t h e  f o l l o w i n g  co re  l e n g t h  r e l a t i o n s h i p s :  
C i r c u l a r  n o z z l e  plume. - 
Rectangu lar  n o z z l e  plume. - 
( 1 )  He igh t  d imens ion ,  h:  
'C,h = 4 . 4  f- 
( 2 )  Wid th  d imens ion ,  w :  
xc,w = [I + 2(AR - 
An a l t e r n a t i v e  t o  u s i n g  Eq. ( 1 1 )  i n v o l v e s  exper imen- 
t a l l y  e s t a b l i s h i n g  t h e  a x i a l  l o c a t i o n  o f  the  i n t e r -  
s e c t i o n  o f  t h e  plume c e n t e r l i n e  v e l o c i t y  decay cu rve  
for  the  t r a n s i t i o n  and f u l l y - m i x e d  r e g i o n s  ( F i g .  3 ) .  
mined, t h e  procedures  o u t l i n e d  i n  the  n e x t  s e c t i o n  
Once the  necessary  Xc d i s t a n c e s  a r e  d e t e r -  
can be used t o  e s t a b l i s h  the  core  contour  o r  o u t e r  
shape of  t h i s  flow r e g i o n .  
Core Contour 
The c o r e  con tou r  d a t a  shown i n  F i g .  6 suggest 
t h a t  t he  d a t a  can be c o r r e l a t e d  by  a parameter t h a t  
i n c l u d e s  c o n s i d e r a t i o n  o f  b o t h  j e t  Mach number and 
s t a t i c  tempera ture .  The f o l l o w i n g  r e l a t i o n s h i p ,  
i n  F i a .  6. was f o r m u l a t e d  t o  based on d a t a  i n c l u d e d  
y i e l d  t h e  c o r e  boundar 
t a n g u l a r  n o z z l e  plumes 
es  fo; bo th  c i r c u l a r  and r e c -  
(12)  
Data  used t o  determine the  exponent F3 a r e  
shown i n  F i g .  7 i n  terms o f  F3 - 1 as a f u n c t i o n  o f  
M j ( t j / t a ) .  A c o r r e l a t i o n  equa t ion  for  these d a t a  i s  
g i v e n  as follows: 
Curves based on Eqs. (12)  and (13 )  t o g e t h e r  
w i t h  the  measured d a t a  shown p r e v i o u s l y  i n  F i g .  6 
a r e  shown i n  F i g .  8 .  Good agreement between t h e  
c a l c u l a t e d  and measured va lues  i s  e v i d e n t  for  a l l  
cases. 
SO-Percent V e l o c i t y  Contour 
I n  o r d e r  t o  o b t a i n  plume v e l o c i t y  c ross -  
s e c t i o n a l  p l o t s ,  t h e  SO-percent con tou rs  a r e  gener-  
a l l y  r e q u i r e d  i n  a d d i t i o n  t o  t h e  c e n t e r l i n e  decay 
o f  t h e  plume. These con tou r  l i n e s  for  a c i r c u l a r  
n o z z l e  a r e  r e f e r e n c e d  i n  the  co re  r e g i o n  t o  t h e  
t r a n s v e r s e  ( r a d i a l )  co re  boundary.  Downstream o f  
t h e  c o r e  r e g i o n  t h i s  c o n t o u r  1 s  r e f e r e n c e d  to t h e  
plume c e n t e r l i n e .  Fo r  asymmetr ic n o z z l e  plumes, 
t h e  a p p r o p r i a t e  h e i g h t  and w i d t h  boundar ies  o f  t h e  
co re  a r e  used f o r  r e f e r e n c e  o r  i n i t i a t i o n  o f  the  
t r a n s v e r s e  v e l o c i t y  decay. 
con tou r  d a t a  a r e  shown as a f u n c t i o n  o f  t h e  plume 
a x i a l  d i s t a n c e ,  X .  The d a t a  shown a r e  f o r  a 7 .62  cm 
d iamete r  c i r c u l a r  n o z z l e  under c o n d i t i o n s  o f  c o l d  
f low (Re f .  5) and heated  f l o w  (Re f .  6). I t  i s  e v i -  
den t  t h a t  i n  t h e  co re  r e g i o n  the  t r a n s v e r s e  spread 
o f  t he  SO-percent v e l o c i t y  con tou r  w i t h  heated  f l o w  
i s  l e s s  than t h a t  w i t h  c o l d  f l o w  for  s u b s t a n t i a l l y  
s i m i l a r  j e t  Mach numbers. A l s o  as d i scussed  p r e v i -  
o u s l y ,  t h e  c e n t e r l i n e  core  l e n g t h  i s  shor tened 
w i t h  heated  f l o w  compared w i t h  t h a t  f o r  c o l d  f l o w .  
A s  a consequence, the  t r a n s v e r s e  sp read ing  o f  t h e  
SO-percent v e l o c i t y  con tou r  downstream o f  t h e  
r e s p e c t i v e  co re  r e g i o n s  f o r  t he  f low c o n d i t i o n s  
n o t e d  i n  the  f i g u r e  i s  g r e a t e r  a t  a g i v e n  a x i a l  
l o c a t i o n  w i t h  heated  f l o w  than t h a t  w i t h  c o l d  f l o w .  
I n  F i g .  9 ,  r e p r e s e n t a t i v e  SO-percent v e l o c i t y  
The d a t a  o f  R e f s .  S and 6 t o g e t h e r  w i t h  
s e l e c t e d  d a t a  from Ref .  4 p r o v i d e  t h e  f o u n d a t i o n  and 
t r e n d s  f o r  t h e  f o l l o w i n g  SO-percent v e l o c i t y  con tou r  
c o r r e l a t i o n  procedures  and equa t ions .  
I n  t h e  p r e s e n t  c o r r e l a t i o n  procedures ,  t h e  
50-percent  v e l o c i t y  con tou r  i s  separb ted  i n t o  t h r e e  
4 
segments: 
f i n a l l y  the  downstream plume f u l l y  mixed sp read ing  
r e g i o n .  These segments a r e  shown s c h e m a t i c a l l y  i n  
F i g .  IO. t o g e t h e r  w i t h  t h e  a s s o c i a t e d  co re  r e g i o n .  
t he  core  r e g i o n ,  a t r a n s i t i o n  r e g i o n  and 
Core Reqion 
I n  F i g .  1 1 ,  t h e  t r a n s v e r s e  d i s t a n c e  from t h e  
50-percent  v e l o c i t y  con tou r  t o  t h e  c o r e  boundary 
fa- a c i r c u l a r  nozz le  plume i s  shown i n  terms o f  
R O . s u  - Rco  as a f u n c t i o n  of a x i a l  d i s t a n c e ,  X .  
The c o r r e l a t i o n  i s  based on the  t r a n s v e r s e  ( r a d i a l )  
va lues  a t  t h e  end of  t h e  core ,  Xc. The c o r r e l a t i o n  
f o r  b o t h  c i r c u l a r  and r e c t a n g u l a r  nozz les  can be 
expressed as f o l l o w s :  
where 
F 4 =  1 + rv) (15 )  
The d a t a  shown i n  F i g .  1 1  a r e  a f u n c t i o n  o f  b o t h  j e t  
Mach number and s t a t i c  tempera ture  as w e l l  as t h e  
a x i a l  d i s t a n c e ,  X .  The l o c a l  50-percent v e l o c i t y  
con tou r  i s  o b t a i n e d  w i t h  t h e  f o l l o w i n g  r e l a t i o n s h i p :  
L L J  
where 
2 
Fs = 1 + 0 . 0 3 7 S f i  e) (17)  
The cu rves  r e s u l t i n g  f r o m  t h e  use o f  Eqs. (16)  
and ( 1 7 )  are shown in Fig. 1 2 ( a )  for a c i r c u l a r  noz- 
z l e  f o r  b o t h  c o l d  and heated  f low c o n d i t i o n s .  I t  
i s  apparent  t h a t  t he  d a t a  a r e  w e l l  rep resen ted  by  
these  e q u a t i o n s .  Curves for  a r e c t a n g u l a r  n o z z l e  
( A R  = 6 .0 )  w i t h  c o l d  f low a r e  shown i n  F i g .  12 (b ) .  
The d a t a  and cu rves  i n  t h i s  f i g u r e  i n c l u d e  b o t h  t h e  
h e i g h t  and w i d t h  dimensions o f  t h e  plume. Whi le  no  
heated  d a t a  a r e  a v a i l a b l e  f o r  a r e c t a n g u l a r  n o z z l e  
plume, by ana logy  t o  t h e  c i r c u l a r  n o z z l e  c o l d  and 
hea ted  plume d a t a  and t h e  c o l d  f l o w  r e c t a n g u l a r  noz- 
z l e  plume d a t a ,  i t  can be assumed w i t h  a h i g h  degree 
o f  con f idence  t h a t  Eqs. (16)  and (17)  a l s o  a p p l y  t o  
a r e c t a n g u l a r  n o z z l e  plume w i t h  heated  f low. 
T r a n s i t i o n  Reqion 
For an asymmetr ic nozz le  plume t h e  co re  l e n g t h  
i s  t aken  i n  t h e  nar row d imens ion  o f  t h e  n o z z l e  and 
plume; i . e .  where U c L / U j  f irst reaches a v a l u e  o f  
0.99.  I n  t h e  p r e s e n t  a n a l y s i s ,  t h e  c o r r e l a t i o n  of 
t h e  SO-percent v e l o c i t y  con tou r  i n  t h e  t r a n s i t i o n  
r e g i o n  i s  based on t h e  v a r i a t i o n  o f  (20.5~ - Zxc)/D, 
w i t h  [ ( X  - X ~ ) ~ ( t j / t a ) ' . " / ( D e  v v ) l  m o d i f i e d  by 
a p p r o p r i a t e  n o z z l e  aspec t  r a t i o  f u n c t j o n s .  Here,  Z 
rep resen ts  t h e  d e s i r e d  v a l u e  o f  t h e  plume d imens ion  
R or h .  
On t h e  b a s i s  o f  t h e  a v a i l a b l e  d a t a  (Re fs .  5 and 
6), t he  f o l l o w i n g , e q u a t i o n  was deve loped t o  p r o v i d e  
a reasonab le  c o r r u l a t i o n  fo r  t h e  SO-percent v e l o c i t y  
con tou r  i n  t h e  t r a n s i t i o n  r e g i o n :  
zo.su - 
De 
xc = 0.045 A R 0 * 6 2 5  
where 2 = R or  h. 
The c o r r e l a t e d  d a t a  u s i n g  Eq. (18)  i n  t h e  t r a n -  
s i t i o n  r e g i o n  a r e  shown i n  F i g .  13 for  a c i r c u l a r  
nozz le  plume ( b o t h  c o l d  and heated  f l o w s )  and a r e c -  
t a n g u l a r  n o z z l e  plume ( A R  = 6.0). A l s o  i n c l u d e d  i n  
t h e  f i g u r e  i s  t h e  c o r r e l a t i o n  cu rve  based on  
Eq. (18) .  
Fu l l y -M ixed  Region 
I n  t h e  f u l l y - m i x e d  r e g i o n  of t h e  plume, t h e  
c o r r e l a t i o n  o f  t h e  50-oercent  v e l o c i t v  c o n t o u r  i s  
based on t h e  v a r i a t i o n ' o f  C ( Z  
by an a p p r o p r i a t e  n o z z l e  aspec t  r a t i o  f u n c t i o n .  
- Z;ir)/Del and 
C(X - Xc i r ) ( t j / t a ) ' . 'S / (De  *)I m o d i f i e d  a l s o  
Here the  s u b s c r i p t  c i r  denotes t h e  l o c a t i o n  a t  
which the  plume f i r s t  assumes a c i r c u l a r  shape. On 
t h e  b a s i s  o f  l i m i t e d  a v a i l a b l e  c o l d  f low d a t a  
(Ref .  5). t h e  f o l l o w i n g  e q u a t i o n  was deve loped t o  
c o r r e l a t e  b o t h  ax i symmet r i c  and asymmetr ic n o z z l e  
plumes : 
(19 )  
As i s  customary h e r e i n ,  for c i r c u l a r  n o z z l e s  Z = R 
and for  asymmetr ic nozz les ,  such as r e c t a n g u l a r  noz- 
z l e s ,  Z a h or W .  
The c o r r e l a t e d  d a t a  u s i n g  Eq. (19 )  a r e  shown i n  
F i g .  14 f o r  a c i r c u l a r  n o z z l e  plume and fo r  a r e c -  
t a n g u l a r  n o z z l e  plume w i t h  an aspec t  r a t i o  of 6.0.  
I n  the  l a t t e r  case, t h e  d a t a  s c a t t e r  abou t  t h e  c u r v e  
i s  t h e  r e s u l t  o f  t h e  assumpt ion  t h a t  once t h e  plume 
becomes c i r c u l a r  i t  remains  so. I n  r e a l i t y ,  of 
course ,  t h e  plume axes tend  t o  r e v e r s e  one or more 
t imes downstream o f  X c i r .  as d i scussed  e a r l i e r ,  
w i t h  t h e  number o f  r e v e r s a l s  a p p a r e n t l y  i n c r e a s i n g  
w i t h  v e r y  l a r g e  nozz le  aspec t  r a t i o s .  
con tou rs  f o r  a r e c t a n g u l a r  n o z z l e  w i th  an aspec t  
r a t i o  o f  6 .0  a r e  shown i n  F i g .  15. For t h i s  
example, t h e  e q u i v a l e n t  n o z z l e  d iamete r ,  D , was 
The c a l c u l a t e d  and measured SO-percent v e l o c i t y  
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7.62  c m  and the  f l o w  c o n d i t i o n s  were a j e t  Mach 
number o f  0 .784 and c o l d  f l o w .  I n  genera l  good 
agreement between the  c a l c u l a t e d  and measured va lues  
was ob ta ined .  The d a t a  s c a t t e r  i n  t h e  f u l l y - m i x e d  
r e g i o n  due t o  the  r o t a t i o n  of  t he  p lane  axes i s  
q u i t e  e v i d e n t .  However, f o r  j e t  n o i s e  cons ide ra -  
t i o n s ,  t he  v e l o c i t y  c ross  s e c t i o n s  downstream o f  
X c i r  a re  g e n e r a l l y  n o t  s i g n i f i c a n t  because t h e  
v e l o c i t i e s  assoc ia ted  w i t h  these l o c a t i o n s  may be 
s u f f i c i e n t l y  low so as n o t  t o  i n f l u e n c e  t h e  j e t  
n o i s e  l e v e l  a p p r e c i a b l y .  
Transverse V e l o c i t y  P r o f i l e s  
The t ransve rse  or r a d i a l  v e l o c i t y  p r o f i l e s  for  
s ing le -s t ream nozz le  plumes have been shown to  be 
c o r r e l a t e d  by the  f o l l o w i n g  genera l  e q u a t i o n  
(Re fs .  3 ,  5, 7 ,  and 8 among many): 
were o b t a i n e d  by use of  t he  preced ing  equa t ions .  
F u r t h e r  d e t a i l s  and da ta  on t ransve rse  v e l o c i t y  
p r o f i l e s  a r e  i n c l u d e d  i n  Ref.  3 .  I t  should be no ted  
t h a t  a l l  t r a n s v e r s e  v e l o c i t y  p r o f i l e s ,  i n  terms o f  
Z '  a r e  independent o f  nozz le  or plume shape. 
Trans format ion  o f  Plume Cross S e c t i o n  
The t r a n s f o r m a t i o n  o f  t h e  plume cross  s e c t i o n  
f rom r e c t a n g u l a r  a t  t h e  nozz le  e x i t  p lane t o  c i r c u -  
l a r  a t  some d i s t a n c e  downstream where t h e  major  and 
minor  axes o f  t h e  plume a r e  equal  i s  ach ieved b y  
u s i n g  a s u p e r e l l i p s e  concept .  
t echn ique  i s  developed as f o l l o w s :  
( 1 )  A t  a g i v e n  a x i a l  l o c a t i o n  i n  the  plume, 
t h e  genera l  s u p e r e l l i p s e  equa t ion  f o r  a s p e c i f i c  
v e l o c i t y  l o c a t i o n  i n  t h e  plume i s  g i v e n  by :  
The s u p e r e l l i p s e  
where UZ i s  t h e  l o c a l  plume t r a n s v e r s e  v e l o c i t y  
and Z'  i s  measured f r o m  the  co re  boundary i n  t h e  
co re  r e g i o n  and f r o m  the  plume c e n t e r l i n e  downstream 
o f  the  co re .  Also Z '  = R' o r  h '  o r  w ' .  
Wi th  Eq.  (20). t he  f o l l o w i n g  r e l a t i o n s h i p s  a r e  
( 1 )  C i r c u l a r  nozz les .  - 
o b t a i n e d  for c i r c u l a r  and r e c t a n g u l a r  n o z z l e  plumes: 
0.667 
and 
Rtot = Rco  + R' 
( 2 )  Rectangu lar  nozz les .  - 
Nozz le  h e i g h t  p l a n e ,  h :  
h '  = 2.27(h0 5u - hco) ( 1 - 
and 
htot = hco  t h '  
Nozzle w i d t h  p l a n e ,  w :  
w' = 2 . 2 7 ( ~ ~ . ~ ~  - w CO 
and 
w t wco t w 1  t o t  
T y p i c a l  t r a n s v e r s e  v e l o c i t y  p r o f i l e  d a t a  for a 
c i r c u l a r  and a r e c t a n g u l a r  nozz le  plume a r e  shown 
i n  F i g s .  16 and 17, r e s p e c t i v e l y .  The d a t a  a r e  w e l l  
r ep resen ted  by t h e  curves  shown i n  t h e  f i g u r e s  wh ich  
r , . 2 i n  
where h and w a r e  l o c a l  va lues  on the  e l l i p s e .  
I n  Eq. (27 ) .  t h e  h t o t  and w t o t  a r e  t h e  minor  and 
major  axes o f  t h e  e l l i p s e  and a re  r e l a t e d  t o  t h e  
h e i g h t  and w i d t h ,  r e s p e c t i v e l y ,  o f  t h e  r e c t a n g u l a r  
nozz le  and plume. 
( 2 )  The exponent n i n  Eq. (27) v a r i e s  from 0 
a t  t h e  n o z z l e  e x i t  p lane  t o  0.5 where h = w ( l . e . ,  
t h e  plume c ross  s e c t i o n  i s  c i r c u l a r ) .  He re in ,  t h e  
n-exponent i s  assumed to  v a r y  l l n e a r l y  w i t h  a x i a l  
d i s t a n c e ;  consequent ly ,  
= 0.5(&-) ( 2 8 )  
Once a c i r c u l a r  c ross  s e c t i o n  has been e s t a b l i s h e d ,  
h t o t  = w t o t .  
n-exponent may n o t  a c t u a l l y  be l i n e a r  w i t h  a x i a l  
d i s t a n c e .  Thus f u r t h e r  work i s  needed to  e s t a b l i s h  
t h e  a c t u a l  v a r i a t i o n  o f  n w i t h  X and de te rm ine  
i t s  s i g n i f i c a n c e  on t h e  plume c ross -sec t i ona l  
development.  
p r o v i d e d  by t h e  use o f  t he  n-exponent i s  i l l u s -  
t r a t e d  i n  F i g .  18. I n  F i g .  18 (a ) ,  one q u a r t e r  o f  a 
c i r c l e  i s  shown. The c i r c l e  has the  conven t iona l  
n-exponent o f  0 . 5 .  The dashed l i n e  a t  w = 0.9 
i n d i c a t e s  the  r e g i o n  i n  wh ich  the  e f f e c t  o f  a v a r i a -  
t i o n  o f  n on the  c ross  s e c t i o n  w i l l  be examined. 
I n  F i g .  18 (b ) ,  t he  v a r i o u s  con tou rs  o b t a i n e d  w i t h  
seve ra l  d i f f e r e n t  va lues  o f  n a re  shown f o r  w 
g r e a t e r  than 0 .9 .  Note than when n = 0 ,  t he  c i r c l e  
i s  t r ans fo rmed  i n t o  a square .  For n g r e a t e r  t han  
0 and l e s s  than 0.5, v a r i o u s  s u p e r e l l i p s e s  a r e .  
S i m i l a r  t r e n d s  a r e  o b t a i n e d  when t h e  i n i t i a l  c ross  
s e c t i o n  i s  a r e c t a n g l e  i n s t e a d  o f  a square.  
I t  shou ld  be no ted  t h a t  t h e  
An example o f  t h e  c ross -sec t i ona l  changes 
A p p l i c a t i o n  o f  Mode l i ng  Technique 
General  
p reced ing  s e c t i o n s  a r e  now a p p l i e d  t o  deve lop  sev- 
e r a l  plume v e l o c i t y  c ross  s e c t i o n s  f o r  a r e c t a n g u l a r  
nozz le  w i t h  an aspec t  r a t i o  o f  6 .0 .  A s  i n  R e f .  5, a 
j e t  Mach number o f  0.784 and c o l d  flow was s e l e c t e d  
f o r  t h e  example. Also, a n o z z l e  e q u i v a l e n t  d iameter  
The plume mode l ing  techn iques  developed i n  t h e  
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of 7 .62  cm was chosen. The c a l c u l a t e d  plume cen te r -  
l i n e  v e l o c i t y  decay for the  example i s  shown i n  
F i g .  4 .  The c a l c u l a t e d  50-percent v e l o c i t y  con tou rs  
f o r  t he  minor  a x i s ,  h, and the  major  a x i s ,  w,  a r e  
shown i n  F i g .  19. The i n t e r s e c t i o n  o f  t he  two con- 
t o u r s  ( x c i r )  occu rs  a t  a nominal  a x i a l  d i s t a n c e  o f  
123.7 cm. A l s o  shown i n  the  f i g u r e  i s  t he  v a r i a t i o n  
of t h e  n-exponent w i t h  a x i a l  d i s t a n c e .  F i n a l l y  t h e  
a x i a l  l o c a t i o n s  f o r  wh ich  plume v e l o c i t y  c ross  sec- 
t i o n s  were developed a r e  shown by t h e  ar rows a t  t h e  
t o p  o f  t he  f i g u r e .  
Represen ta t i ve  Plume Cross Sec t ions  
‘0.5U - ‘co 
c (z0.5U>, 
C- 
na 
82 
($ FLT - 
T y p i c a l  plume v e l o c i t y  c ross  s e c t i o n s  a t  nomi- 
1 a x i a l  d i s t a n c e s  o f  12.7,  27.3, 41.3, 57.2, 
. 6 ,  and 123.7 cm a r e  shown i n  F i g .  20. Note t h a t  
t he  h e i g h t  co re  ends a t  about  an a x i a l  d i s t a n c e  of 
27 .3  cm and the  plume becomes c i r c u l a r  a t  an a x i a l  
d i s t a n c e  o f  about  123.7 cm. A f t e r  t h e  h e i g h t  co re  
ends, t h e  w i d t h  co re  suggests a l i n e  source  d i s t r i -  
b u t i o n ;  i . e . ,  U,/UCL = 1 .0  i s  a l i n e  source  t h a t  
decreases i n  w i d t h  w i t h  i n c r e a s i n g  a x i a l  d i s t a n c e  
u n t i l  t h e  end o f  t h e  w i d t h  co re  i s  reached. Wi th  
i n c r e a s i n g  downstream d i s t a n c e ,  the  con tou rs  change 
f rom a r e c t a n g u l a r  c r o s s  s e c t i o n  a t  t h e  n o z z l e  e x i t  
to  e l l i p t i c  and f i n a l l y  t o  a c i r c u l a r  c ross  s e c t i o n .  
Downstream o f  X c i r  a l l  c ross  s e c t i o n s  a r e  assumed 
h e r e i n  t o  be c i r c u l a r ,  w i t h  t h e  l o c a l  v e l o c i t y  r a d i i  
i n c r e a s i n g  w i t h  a x i a l  d i s t a n c e .  
P a r t  I1 - F l i q h t  E f f e c t s  
The i n t e r a c t i o n  o f  a secondary s t ream o r  f l i g h t  
e f f e c t  w i t h  a plume has been s t u d i e d  s i n c e  a t  l e a s t  
1950 (Refs .  7 and 8). The e f f e c t  of f l i g h t  on t h e  
co re  and 50-percent  v e l o c i t y  con tou r  i n  t h e  nozz le  
h e i g h t  d imens ion  i s  shown s c h e m a t i c a l l y  i n  F i g .  21. 
Also shown for  comparison i n  the  f i g u r e  a r e  t h e  co r -  
respond ing  curves  f o r  s t a t i c  c o n d i t i o n s  (no  e x t e r n a l  
f l o w ) .  A s  shown i n  t h e  f i g u r e .  i n  f l i g h t  t h e  co re  
i s  leng thened ( reduced a x i a l  decay r a t e ) ,  (XC)FLT  > 
(XC)STAT.  and t h e  plume becomes c i r c u l a r  a t  a 
g r e a t e r  a x i a l  d i s t a n c e  than  t h e  co r respond ing  d i s -  
tance f o r  a s t a t i c  c o n d i t i o n .  S i m i l a r  t r e n d s  a r e  
no ted  i n  t h e  n o z z l e  w i d t h  dimension. 
Plume C e n t e r l i n e  Decay 
The e f f e c t  o f  f l i g h t  on t h e  plume c e n t e r l i n e  
v e l o c i t y  decay was c o r r e l a t e d  i n  Ref. 9 w i t h  t h e  
f o l l o w i n g  e q u a t i o n :  
For UFLT/U. l e s s  than  0.8, a s i m p l i f i e d  e q u a t i o n  
y i e l d i n g  s u i s t a n t i a l l y  t h e  same r e s u l t  was a l s o  sug- 
ges ted  i n  Re f .  9, as f o l l o w s :  
These parameters a r e  used to modify the  a x i a l  d i s -  
tance f o r  s t a t i c  c o n d i t i o n s  as d i scussed  i n  the  n e x t  
s e c t i o n s  . 
The c o r r e l a t i o n  of the  r e c t a n g u l a r  n o z z l e  plume 
c e n t e r l i n e  v e l o c i t y  decay u s i n g  t h e  r e l a t i o n s h i p  o f  
Eq. (29 )  i s  shown i n  F i g .  22 for  seve ra l  f l i g h t  con- 
d i t i o n s .  The d a t a  were taken from Refs.  10 and 1 1  
and c o r r e l a t e d  i n  Ref. 9. I t  i s  apparent  t h a t  
Eq. (29)  c o r r e l a t e s  t h e  d a t a  s a t i s f a c t o r i l y .  
Core C e n t e r l i n e  Length  
l e n g t h  i s  o b t a i n e d  by  m u l t i p l y i n g  t h e  a p p r o p r i a t e  
c o r e  c e n t e r l i n e  l e n g t h  i n  s t a t i c  c o n d i t f o n s  (Eqs. 9 
t o  1 1 )  by Eq. (29)  or (30). as f o l l o w s :  
I n  f l i g h t  c o n d i t l o n s ,  t h e  co re  c e n t e r l i n e  
Core Contour 
The core  con tou r  i n  f l i g h t  i s  de termined by  
t h e  same procedures  as those used i n  s t a t i c  cond i -  
t i o n s .  Once t h e  c o r e  c e n t e r l i n e  l e n g t h  i n  f l i g h t ,  
(XC)FLT ,  has been de termined,  Eqs. (12) and ( 1 3 )  
a r e  used to o b t a i n  the  co re  con tou r  i n  f l i g h t .  I n  
o r d e r  t o  accompl ish  t h i s ,  t h e  c a l c u l a t e d  ( X C ) F L T  
i s  used i n  p l a c e  of t h e  s t a t i c  va lue  o f  Xc 
these equa t ions .  
50-Percent V e l o c i t y  Contour 
i n  
Core Region 
I n  the  c o r e  r e g i o n ,  t h e  f l i g h t  e f f e c t  on  t h e  
SO-percent v e l o c i t y  con tou r  i s  accounted  for by t h e  
i n c l u s i o n  o f  t h e  f a c t o r s  expressed by Eq. (29)  or 
(30)  i n  the  s t a t i c  co re  r e g i o n  equa t ion .  Conse- 
q u e n t l y ,  t he  t r a n s v e r s e  va lues  i n  f l i g h t  a t  t h e  end 
o f  t h e  co re  r e g i o n  a r e  g i v e n  by :  
(32 )  
I n  a s i m i l a r  manner, t he  l o c a l  50-percent  v e l o c i t y  
con tou r  va lues  a r e  o b t a i n e d  w i t h  t h e  f o l l o w i n g  
r e l a t i o n s h i p :  
(33 )  
T r a n s i t i o n  Region 
The 50-percent  v e l o c i t y  con tou r  i n  f l i g h t  con- 
d i t i o n s  i s  o b t a i n e d  w i t h  t h e  f o l l o w i n g  equa t ion :  
( Z O S U  - z x c )  FLT = (X,) 
FLT 
J De v T  I 
Fu l l y -M ixed  Region 
I n  t h e  f u l l y - m i x e d  
SO-percent v e l o c i t y  con 
can be expressed as f o l  
r e g i o n  o f  t h e  plume, t h e  
ou r  i n  f l i g h t  c o n d i t i o n s  
ows : 
L J 
Plume Transverse  Decay 
(34) 
(35)  
The o v e r a l l  plume t ransve rse  decay o r  sp read ing  
a t  a g i v e n  a x i a l  l o c a t i o n  i s  decreased i n  f l i g h t  
compared w i t h  s t a t i c  c o n d i t i o n s  (Re f .  9). However, 
i n  nond imens iona l  t e r m s  the  t ransve rse  v e l o c i t y  
decay i s  independent o f  f l i g h t  e f f e c t s  as shown i n  
F i g .  23 .  The d a t a  shown a r e  for  t h e  n o z z l e  h e i g h t  
d imens ion ,  h ,  o f  a r e c t a n g u l a r  nozz le  h a v i n g  a noz- 
z l e  aspec t  r a t i o  o f  24  and were taken from Ref .  1 1 .  
I n  F i g .  2 3 ( a ) ,  t h e  plume t r a n s v e r s e  v e l o c i t y  decay 
i s  shown for  seve ra l  UFLT/Uj r a t i o s  a t  a nominal  
X/De o f  2 . 7 .  The plume t r a n s v e r s e  v e l o c i t y  decay 
cu rve  f o r  a c i r c u l a r  nozz le  i s  a l s o  shown f o r  com- 
p a r i s o n .  I t  i s  apparent  t h a t  t h e  two n o z z l e  plume 
types  have s i m i l a r  v e l o c i t y  decay c h a r a c t e r i s t i c s  
i n  nond imens iona l  t e r m s .  I n  F i g .  23 (b ) ,  t he  plume 
t r a n s v e r s e  v e l o c i t y  decay f o r  t h e  same r e c t a n g u l a r  
n o z z l e  i s  shown for  seve ra l  X / D e  l o c a t i o n s  a t  a 
cons tan t  UFLT/Uj r a t i o  o f  0.5.  Also shown f o r  
comparison aga in  i s  t h e  decay cu rve  f o r  a c i r c u l a r  
n o z z l e  plume. The plume t r a n s v e r s e  v e l o c i t y  d a t a  
f o r  t he  r e c t a n g u l a r  n o z z l e  plume c o i n c i d e s  w i th  t h a t  
f o r  t h e  c i r c u l a r  nozz le  plume t r a n s v e r s e  v e l o c i t y  
decay a t  a l l  X/De l o c a t i o n s .  
A s  no ted  i n  t h e  d i s c u s s i o n  o f  F i g .  21. seve ra l  
b a s i c  c o n s i d e r a t i o n s  a r e  taken i n t o  account  i n  
d e t e r m i n i n g  t h e  SO-percent v e l o c i t y  t r a n s v e r s e  con- 
t o u r s  i n  f l i g h t  c o n d i t i o n s .  These c o n s i d e r a t i o n s  
i n c l u d e  an e x t e n s i o n  o f  the  core  r e g i o n  and an ove r -  
a l l  l e s s  r a p i d  plume t ransve rse  expans ion  compared 
w i t h  those f o r  s t a t i c  c o n d i t i o n s .  A s  a consequence, 
the  a x i a l  d i s t a n c e  a t  which the  r e c t a n g u l a r  n o z z l e  
plume becomes c i r c u l a r  i n  c ross  s e c t i o n  i s  g r e a t e r  
i n  f l i g h t  t han  t h a t  i n  a s t a t i c  c o n d i t i o n .  
The t r a n s f o r m a t i o n  o f  the  plume c ross  s e c t i o n  
f r o m  r e c t a n g u l a r  t o  c i r c u l a r  i n  a f l i g h t  c o n d i t i o n  
i s  accompl ished by a p p l y i n g  the  same procedures  as 
those developed f o r  s t a t i c  c o n d i t i o n s  (Eqs. 27 and 
2 8 ) .  
A p p l i c a t i o n  o f  Mode l ing  Technique 
a f l i g h t  c o n d i t i o n  i s  now i l l u s t r a t e d  for an elonga- 
t i o n  o f  t h e  s t a t i c  plume core, Xc. by  SO-percent 
due to  f l i g h t .  The n o z z l e  o p e r a t i n g  c o n d i t l o n s  I n  
f l i g h t  a r e  assumed to  be t h e  same as those p r e v i -  
o u s l y  used for the s t a t i c  c a l c u l a t i o n s  i n  t h e  pre-  
ced ing  s e c t i o n s  (namely: Mj, 0.784; De, 7.62  cm; 
c o l d  flow). 
C e n t e r l i n e  V e l o c i t y  Decay 
The c a l c u l a t e d  plume c e n t e r l i n e  v e l o c i t y  decay 
cu rve  i n  f l i g h t  i s  shown i n  F i g .  24 f o r  a rec tangu-  
l a r  nozz le  h a v i n g  an aspec t  r a t i o  o f  6.0. Also 
shown i n  the  f i g u r e ,  for comparison, I s  t h e  decay 
cu rve  f o r  a s t a t i c  c o n d i t i o n .  I t  i s  e v i d e n t  t h a t  
t h e  e f f e c t  o f  f l i g h t  i s  to s h i f t  t h e  decay cu rve  t o  
t h e  r i g h t  i n  t h e  f i g u r e  the reby  i n c r e a s i n g  t h e  a x i a l  
e x t e n t  of t h e  plume. 
The plume v e l o c i t y  decay mode l ing  techn ique i n  
50-Percent V e l o c i t y  Contour 
Us ing  Eqs. (32) t o  ( 3 5 )  t h e  plume SO-percent 
v e l o c i t y  con tou rs  were c a l c u l a t e d  for  t h e  f l i g h t  
c o n d i t i o n .  The r e s u l t i n g  curves  f o r  t he  plume 
h e i g h t ,  h,  and plume w i d t h ,  w ,  a r e  shown i n  F i g .  25.  
Also i n c l u d e d  i n  t h e  f i g u r e  i s  t h e  a x i a l  v a r i a t i o n  
o f  t h e  n-exponent needed t o  c a l c u l a t e  the  plume 
c ross  s e c t i o n s  a t  t h e  d e s i r e d  a x i a l  l o c a t i o n s .  
F i n a l l y ,  t h e  plume c ross  s e c t i o n s  i n  s t a t i c  cond i -  
t i o n s  a r e  a l s o  shown for comparison. I t  i s  apparent  
t h a t  t h e  e f f e c t  of f l i g h t  causes an a x i a l  e x t e n s i o n  
o f  t h e  con tou rs  and t h a t ,  consequen t l y ,  t h e  a x i a l  
I o c a t i Q n  a t  wh ich  t h e  t r a n s v e r s e  c ross  s e c t i o n s  
become c i r c u l a r  a l s o  occu rs  a t  a g r e a t e r  downstream 
d i s t a n c e  i n  f l i g h t  compared w i t h  t h a t  for  s t a t i c  
cond i t i  ons . 
Plume Cross S e c t i o n s  
From t h e  plume c e n t e r l i n e  and 50-percent v e l o c -  
i t y  con tou rs  t h e  l o c a l  plume c ross  s e c t i o n s  i n  
f l i g h t  can be c a l c u l a t e d  u s i n g  t h e  same genera l  
p rocedures  as those used for s t a t i c  c o n d f t i o n s .  
However, i n  f l i g h t  c o n d i t i o n s  t h e  a p p r o p r i a t e  f l i g h t  
parameters a r e  used i n  p l a c e  of t h e  s t a t i c  c o n d i t i o n  
parameters .  From such c a l c u l a t i o n s ,  c ross  s e c t i o n s  
s i m i l a r  t o  those shown i n  F i g .  20 a r e  o b t a i n e d  fo r  
f 1 i g h t  cond i t i  ons . 
P a r t  I11 - Plume S t r u c t u r e  M o d i f i c a t i o n  
A more r a p i d  plume c e n t e r l i n e ,  co re  and t r a n s -  
ve rse  v e l o c i t y  decay can be ach ieved by a l t e r i n g  
the  l a r g e - s c a l e  s t r u c t u r e  i n  the  plume shear l a y e r  
( R e f .  12 ) .  A s  has been demonstrated i n  t h e  l i t e r a -  
t u r e ,  t h i s  plume shear l a y e r  s t r u c t u r a l  m o d i f i c a t i o n  
can be ach ieved by a c o u s t i c ,  thermal  and aeromechan- 
i c a l  means. For  the  most p a r t ,  t he  p u b l i s h e d  d a t a  
have been o b t a i n e d  w i t h  c o l d  f l o w  and hea ted  F low 
ax i symmet r i c  n o z z l e  plumes i n  b o t h  s t a t i c  and f l i g h t  
env i ronments .  However, l i m i t e d  d a t a  suggests t h a t  
s i m i l a r  r e s u l t s  have been o b t a i n e d  w i t h  asymmetr ic 
n o z z l e  plumes. 
The e f f e c t  o f  m o d i f y i n g  t h e  plume shear l a y e r  
s t r u c t u r e  on t h e  v e l o c i t y  co re  and 50-percent  con- 
t o u r s  i s  shown s c h e m a t i c a l l y  i n  F i g .  26 f o r  a rec -  
t a n g u l a r  n o z z l e  plume. A l s o  shown i n  the  f i g u r e  
a 
f o r  comparison a r e  the  Cor respond ing  curves  f o r  a 
conven t iona l  plume. I t  i s  apparent  f rom the  f i g u r e  
t h a t  t he  core  l e n g t h  i S  reduced and the  a x i a l  l e n g t h  
needed f o r  t he  50-percent  v e l o c i t y  con tou r  t o  become 
c i r c u l a r  i s  a l s o  shor tened when t h e  plume shear 
l a y e r  i s  s t r u c t u r a l l y  mod i f i ed .  Whi le  t h e  t rends  
shown i n  t h e  f i g u r e  a r e  i n  t h e  plume h e i g h t  p lane ,  
s i m i l a r  t rends  a l s o  a p p l y  i n  t h e  plume w i d t h  p lane .  
Plume C e n t e r l i n e  V e l o c i t y  Decay 
Plume c e n t e r l i n e  v e l o c i t y  decay d a t a  i n  s t a t i c  
c o n d i t i o n s  for  s t r u c t u r a l l y  m o d i f i e d  plumes a r e  
p resen ted  i n  Refs.  12 t o  16, among many i n  t h e  l i t -  
e r a t u r e .  I n  F i g .  27, t h e  e f f e c t  o f  s t r u c t u r a l l y  
m o d i f y i n g  t h e  plume shear l a y e r  by a c o u s t i c  e x c i t a -  
t i o n  on t h e  c o l d  flow plume c e n t e r l i n e  v e l o c i t y  
decay for  s t a t i c  and f l i g h t  c o n d i t i o n s  i s  shown as 
a f u n c t i o n  o f  a x i a l  d i s t a n c e ,  X .  (Ref. 14 ) .  W i th  a 
s t r u c t u r a l l y  m o d i f i e d  plume, the  v e l o c i t y  decays 
more r a p i d l y  w i t h  a x i a l  d i s t a n c e  than w i t h  a conven- 
t i o n a l  plume. O the r  means o f  m o d i f y i n g  the  plume 
s t r u c t u r e  ( fo r  example, mechanical  f i n g e r s  or t a b s )  
can cause s i m i l a r  e f f e c t s .  
Ef for ts t o  c o r r e l a t e  s t r u c t u r a l l y  m o d i f i e d  
( a c o u s t i c a l l y  e x c i t e d )  plume c e n t e r l i n e  v e l o c i t y  
decay d a t a  a r e  r e p o r t e d  i n  Refs .  14 t o  16, among 
o t h e r s  i n  t h e  l i t e r a t u r e .  I n  Re f .  16 i t  was shown 
t h a t  t he  c o r r e l a t i o n  of t h e  d a t a  was a complex func -  
t i o n  o f  j e t  v e l o c i t y ,  tempera ture ,  a c o u s t i c  power 
l e v e l  and a c o u s t i c  e x c i t a t i o n  S t rouha l  number. For 
nonacous t i c  means o f  m o d i f y i n g  t h e  plume shear l a y e r  
s t r u c t u r e ,  t h e  f u n c t i o n s  appear t o  be much l e s s  com- 
p l e x .  I n  p a r t i c u l a r ,  when f l o w  t u r b u l a t o r s  a r e  
used, i t  appears t h a t  t h e  j e t  tempera ture  i s  n o t  a 
major  f a c t o r  i n  t h e  shear l a y e r  m o d i f i c a t i o n .  I t  
i s  apparen t ,  however, t h a t  f u r t h e r  work i s  needed i n  
o r d e r  t o  p r o v i d e  s u f f i c i e n t  unders tand ing  for  suc- 
c e s s f u l  a p p l i c a t i o n  of  plume s t r u c t u r a l  m o d i f i c a t i o n  
means t o  f u l l - s c a l e  eng ine  exhaust  f l o w s .  
Core C e n t e r l i n e  Length  
T e n t a t i v e  c o r r e l a t i o n s  t h a t  account  for t h e  
s t r u c t u r a l  m o d i f i c a t i o n  of t h e  plume shear l a y e r  t o  
reduce t h e  co re  l e n g t h  a r e  i n c l u d e d  i n  R e f s .  9 ,  14 
and 1 6 .  These c o r r e l a t i o n s  were developed for  
a c o u s t i c a l l y  e x c i t e d  plume shear l a y e r s .  The c o r r e -  
l a t e d  co re  l e n g t h  f o r  a s t r u c t u r a l l y  m o d i f i e d  plume, 
h e r e i n  des igna ted  (XC)mod, i s  o b t a i n e d  by d i v i d i n g  
t h e  unmod i f i ed  c o r e  l e n g t h  f o r  s t a t i c  c o n d i t i o n s  
( E q s .  ( 9 )  t o  ( 1 1 ) )  by t h e  a p p r o p r i a t e  c o r r e l a t i o n  
parameters  deve loped i n  these r e f e r e n c e s .  
Core Contour  
Once t h e  t e r m  (XC)mod has been de te rm ined ,  the  
co re  con tou r  f o r  a s t r u c t u r a l l y  mod i f i ed  plume i n  
s t a t i c  c o n d i t i o n s  i s  e s t a b l i s h e d  i n  t h e  same manner 
as t h a t  f o r  an unmod i f i ed  plume. Thus, Eqs. (12 )  
and ( 1 3 )  a r e  used t o  o b t a i n  t h e  c o r e  con tou r  w i t h  
(XC)mod s u b s t i t u t e d  for  t h e  conven t iona l  (unmodi- 
f i e d )  Xc. 
50-Percent V e l o c i t y  Contour  
The SO-percent v e l o c i t y  con tou rs  f o r  a s t r u c -  
t u r a l l y  m o d i f i e d  plume a r e  developed by t h e  same 
procedures  used for conven t iona l  plumes and o u t l i n e d  
i n  P a r t  I; however, t h e  a p p l i c a b l e  dimensions and 
parameters  for  t h e  s t r u c t u r a l l y  mod i f i ed  plume a r e  
s u b s t i t u t e d  where a p p r o p r i a t e  for t h e  c o n v e n t i o n a l  
plume dimensions and parameters .  
Plume Transverse  V e l o c i t y  Decay 
Represen ta t i ve  t r a n s v e r s e  v e l o c i t y  decay for a 
s t r u c t u r a l l y  mod i f i ed  plume i s  shown i n  F l g .  28 for 
a c i r c u l a r  n o z z l e .  A l s o  shown i n  t h e  f i g u r e  i s  a 
cu rve  for  a c o n v e n t i o n a l  plume. I n  nond imens iona l  
parameters ,  t h e  s t r u c t u r a l l y  m o d i f i e d  plume decay 
d a t a  a r e  shown to  c o i n c i d e  w i th  t h e  conven t iona l  
v e l o c i t y  decay cu rve .  I t  was a l s o  shown i n  Ref.  9 
t h a t  t he  c o n v e n t i o n a l  r e c t a n g u l a r  n o z z l e  t r a n s v e r s e  
v e l o c i t y  decay d a t a  c o i n c i d e d  w i t h  the  conven t iona l  
c i r c u l a r  n o z z l e  plume cu rve .  Consequent ly,  i t  was 
assumed i n  Ref. 9 and h e r e i n  t h a t ,  by ana logy ,  r e c -  
t a n g u l a r  n o z z l e  t r a n s v e r s e  v e l o c i t y  decay c h a r a c t e r -  
i s t i c s  and t r e n d s  for s t r u c t u r a l l y  m o d i f i e d  plumes 
a l s o  c o i n c i d e  w i th  t h e  cu rve  shown i n  F i g .  28. T h i s  
ana logy  i s  a l s o  assumed h e r e i n  to a p p l y  i n  f l i g h t  
c o n d i t i o n s  (see a l s o  Ref.  9 ) .  
As a r e s u l t  of t h e  reduced plume co re  l e n g t h  
and more r a p i d  t r a n s v e r s e  sp read ing  o f  t h e  s t r u c t u r -  
a l l y  m o d i f i e d  plume, t h e  a x l a l  d i s t a n c e  a t  wh ich  t h e  
plume becomes c i r c u l a r  i n  e i t h e r  s t a t i c  o r  f l i g h t  
c o n d i t i o n s  i s  reduced from t h a t  w i t h o u t  plume s t r u c -  
t u r a l  f low m o d i f i c a t i o n .  
from r e c t a n g u l a r  t o  c i r c u l a r  f o r  s t r u c t u r a l l y  modi- 
f i e d  plumes i s  accompl ished u s i n g  t h e  same proce-  
dures  as those used for c o n v e n t i o n a l  plumes b u t ,  as 
d i scussed  p r e v i o u s l y ,  u s i n g  t h e  a p p l i c a b l e  parame- 
t e r s  for s t r u c t u r a l l y  m o d i f i e d  plumes. 
The t r a n s f o r m a t i o n  o f  t h e  plume cross s e c t i o n  
A p p l i c a t i o n  o f  Mode l ing  Technique 
The m o d i f i c a t i o n  o f  t h e  plume mode l i ng  tech-  
n ique  deve loped for c o n v e n t i o n a l  n o z z l e  plumes to  
t h a t  f o r  s t r u c t u r a l l y  m o d i f i e d  plumes i s  now i l l u s -  
t r a t e d  w i t h  an example for wh ich  the  m o d i f i c a t i o n  
i s  assumed to cause a plume c o r e  a x i a l  r e d u c t i o n  o f  
SO-percent i n  t h e  h e i g h t  p lane .  The n o z z l e  f l o w  
c o n d i t i o n s  a r e  assumed to  be t h e  same as those  prev-  
i o u s l y  used fo r  b o t h  t h e  s t a t i c  and f l i g h t  examples.  
C e n t e r l i n e  V e l o c i t y  Decay 
The c a l c u l a t e d  c e n t e r l i n e  v e l o c i t y  decay cu rve  
f o r  t h e  s t r u c t u r a l l y  m o d i f i e d  plume i n  s t a t i c  cond i -  
t i o n s  i s  shown i n  F i g .  29. Also shown i n  t h e  f i g -  
u r e ,  f o r  comparison purposes, i s  t h e  decay c u r v e  
for  a c o n v e n t i o n a l  plume. I t  i s  e v i d e n t  t h a t  t h e  
s t r u c t u r a l  m o d i f i c a t i o n  o f  t h e  plume caused a s h i f t  
t o  t h e  l e f t  from t h e  c o n v e n t i o n a l  plume cu rve ,  i n d i -  
c a t i n g  a more r a p i d  decay of  t h e  plume i n  t h e  a x i a l  
d i r e c t i o n .  
SO-Percent V e l o c i t y  Contour  
Us ing  t h e  procedures  developed i n  P a r t  I, t h e  
s t r u c t u r a l l y  m o d i f i e d  plume t r a n s v e r s e  v e l o c i t y  con- 
t o u r s  were deve loped.  The r e s u l t i n g  cu rves  f o r  t h e  
h e i g h t  and w i d t h  p lanes  o f  t h e  n o z z l e  plume a r e  
shown i n  F i g .  30. Also shown i n  t h e  f i g u r e  fo r  com- 
p a r i s o n  a r e  t h e  curves  for  a c o n v e n t i o n a l  plume. 
The n-exponents for  b o t h  cases a r e  a l s o  shown i n  
the  f i g u r e  as f u n c t i o n s  o f  a x i a l  l e n g t h ,  X .  The 
r e d u c t i o n  i n  co re  l e n g t h  and t h e  consequent more 
r a p i d  sp read ing  o f  t h e  plume downstream o f  t h e  c o r e  
w i t h  shear l a y e r  s t r u c t u r a l  m o d i f i c a t i o n  compared 
9 
w i t h  a conven t iona l  plume a r e  q u i t e  e v i d e n t  i n  t h e  
f i g u r e .  
f l i g h t .  
S i m i l a r  t rends ,  n o t  shown, w i l l  occu r  i n  
Plume Cross Sec t ion  
From the  plume c e n t e r l i n e  decay and the  
50-percent v e l o c i t y  con tou rs ,  t he  c ross  s e c t i o n s  o f  
the  s t r u c t u r a l l y  m o d i f i e d  plume can be c a l c u l a t e d  
by the  same procedures  used f o r  conven t iona l  plume 
c ross  s e c t i o n s .  However, t h e  m o d i f i e d  plume parame- 
t e r s  a re  used, where a p p r o p r i a t e ,  i n  p l a c e  o f  t h e  
conven t iona l  plume parameters .  W i th  t h i s  p rocedure ,  
c ross  s e c t i o n s  s i m i l a r  t o  those shown p r e v i o u s l y  i n  
F i g .  20 can then be developed. A s  d i scussed  
e a r l i e r ,  w i t h  a s t r u c t u r a l l y  mod i f i ed  plume, the  
a x i a l  l o c a t i o n  of t he  i n i t i a l  c i r c u l a r  c ross  sec- 
t i o n  w i l l  occu r  i n  a s h o r t e r  a x i a l  d i s t a n c e  than 
t h a t  w i t h  a conven t iona l  plume. Whi le  n o t  shown 
h e r e i n .  i n  f l i g h t  c o n d i t i o n s  s i m i l a r  t r e n d s  to those 
o b t a i n e d  w i t h  conven t iona l  plumes w i l l  be o b t a i n e d  
w i t h  s t r u c t u r a l l y  mod i f i ed  plumes. 
Conc lud ing  Remarks 
The e m p i r i c a l  ana lyses  used h e r e i n  a re .  i n  
p a r t ,  based on v e r y  l i m i t e d  d a t a .  A d d i t i o n a l  d a t a  
a r e  needed t o  v e r i f y  some o f  t h e  assumptions 
i n c l u d e d  i n  t h i s  s tudy .  I n  p a r t i c u l a r  t he  parame- 
t e r s  i n  which n o z z l e  aspec t  r a t i o  i s  i n c l u d e d  as a 
v a r i a b l e  must be f u r t h e r  examined and v a l i d a t e d  f o r  
aspec t  r a t i o s  o t h e r  than 6.0. Also, t h e  assumpt ion  
t h a t  t he  a x i a l  v a r i a t i o n  o f  t h e  c ross  s e c t i o n  
n-exponent i s  l i n e a r  must be v e r i f i e d .  Whi le  a non- 
l i n e a r  n-exponent would change t h e  plume c ross  
s e c t i o n s  i n c l u d e d  h e r e i n ,  i t  i s  b e l i e v e d  t h a t  any 
reasonab le  n o n l i n e a r i t y  i n  t h i s  exponent would n o t  
s e r i o u s l y  impact  t h e  genera l  shapes o f  the  l o c a l  
plume c ross  s e c t i o n s .  Consequent ly ,  such a change 
to  a n o n l i n e a r  exponent a l s o  would n o t  a l t e r  s i g n i f -  
i c a n t l y  t h e  j e t  n o i s e  s i g n a t u r e .  
combined t o  o b t a i n  r e c t a n g u l a r  n o z z l e  v e l o c i t y  
plumes from wh ich  j e t  n o i s e  s i g n a t u r e s  can be deve l -  
oped for f u t u r e  h i g h  speed commercial t r a n s p o r t  a i r -  
c r a f t .  The b a s i c  plume c h a r a c t e r i s t i c s  i n  s t a t i c  
c o n d i t i o n s  can be expanded to  i n c l u d e  t h e  e f f e c t s  of 
f l i g h t  and plume shear l a y e r  s t r u c t u r e  m o d i f i c a t i o n .  
The r e s u l t  o f  i n c l u d i n g  these c o n s i d e r a t i o n s ,  i n  
g e n e r a l ,  w i l l  cause a change i n  b o t h  t h e  plume 
l e n g t h  and sp read ing  r a t e .  The inc rease  i n  plume 
l e n g t h  due t o  f l i g h t  may, i n  p a r t ,  be o f f s e t  by  
plume s t r u c t u r e  m o d i f i c a t i o n  means based on  c u r r e n t  
t echno logy .  I t  i s  apparent  f r o m  t h i s  b r i e f  synop- 
s i s  t h a t  t he  s p e c i f i c  plume m o d i f i c a t i o n s  caused by 
these f a c t o r s  depend on the  p a r t i c u l a r  exhaust  noz- 
z l e  des ign ,  p r o p u l s i o n  system o p e r a t i n g  c o n d i t i o n s  
and the  means used t o  mod i f y  the  plume shear l a y e r  
s t r u c t u r e .  Whi le  some aspec ts  of t he  p resen t  model- 
i n g  procedures  may r e q u i r e  f u r t h e r  exper imen ta l  
v e r i f i c a t i o n ,  t h e  t r e n d s  and genera l  magnitudes o f  
t h e  seve ra l  e f f e c t s  i n c l u d e d  i n  t h i s  s tudy  a r e  con- 
s i d e r e d  a p p r o p r i a t e  and r e a l i s t i c .  
Conc lus ions  
On t h e  b a s i s  o f  t h e  p resen t  s tudy  concerned 
The p reced ing  s e c t i o n s ,  P a r t s  I t o  111, can be 
w i t h  r e c t a n g u l a r  n o z z l e  plume v e l o c i t y  decay cha- 
r a c t e r i s t i c s ,  t h e  f o l l o w i n g  r e s u l t s  a r e  summarized 
and conc lus ions  a r e  drawn: 
1 .  Procedures were developed t h a t  can be used 
t o  e m p i r i c a l l y  c o r r e l a t e  plume a x i a l  v e l o c i t y  decay 
and t r a n s v e r s e  spread ing  i n  s t a t i c  c o n d i t i o n s .  The 
c o r r e l a t i o n s  a r e  based i n  p a r t  on and extended from 
work a v a i l a b l e  i n  t h e  l i t e r a t u r e .  
2 .  A mode l i ng  procedure  was developed t h a t  pe r -  
m i t s  t h e  v e l o c i t y  plume from a r e c t a n g u l a r  n o z z l e  
t o  be t rans fo rmed  i n t o  a c i r c u l a r  c ross  s e c t i o n  
some d i s t a n c e  downstream of the  nozz le  e x i t  p lane .  
The a x i a l  l e n g t h  for t h l s  t o  occu r  i s  de termined 
p r i m a r i l y  by t h e  n o z z l e  aspec t  r a t i o  and t h e  j e t  
f low c o n d i t i o n s .  
f r o m  r e c t a n g u l a r  t o  c i r c u l a r  i n  c ross  s e c t i o n  i s  
i n i t i a t e d  a t  t he  n o z z l e  e x i t  p lane and employs a 
s u p e r e l l i p s e  mode l i ng  procedure .  
c o n d i t i o n s  a r e  extended to  i n c l u d e  the  expec ted  
e f f e c t s  of f l i g h t  and plume shear l a y e r  s t r u c t u r e  
m o d i f i c a t i o n  by  a p p r o p r i a t e  pa ramet r i c  f u n c t i o n s .  
oped f o r  s t a t i c ,  f l i g h t  and plume s t r u c t u r e  m o d i f i -  
c a t i o n  e f f e c t s  can be combined for use i n  p r e d i c t i n g  
a i r c r a f t  j e t  n o i s e  s i g n a t u r e s .  
The t rans fo rma t ion  o f  t h e  plume 
3. The plume c o r r e l a t i o n  procedures fo r  s t a t i c  
4. The separa te  c o r r e l a t i o n  procedures deve l -  
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FIGURE 19. - CALCULATED 50-PERCENT VELOCITY CONTOURS 
AND n-EXPONENT AS FUNCTIONS OF AXIAL DISTANCE. X. 
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FIGURE 23. - REPRESENTATIVE RECTANGULAR NOZZLE PLUME TRANS- 
VERSE VELOCITY DECAY I N  NOZZLE HEIGHT (SHORT) DIMENSION 
WITH FLIGHT EFFECT. AR, 24: REF. 11 DATA. 
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